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With 2 figures in the text 


Abstract 


Detailed analysis of the bands discovered by Schiiler and Woeldike (Phys. Z., 44, 435, 1943) 
confirms the view that they arise from a transition B?X+—A *X+ in OH. Values of the constants 
for the state B*X*+ are: 


ie De Be Te 
OH 69775 940 5.54 
oD 69790 684 2.91 1.80 A 


The dissociation energy of the hydroxyl radical, D}(OH), is found to be 101.3, + 0.3 Keal. The 
positions of bands in the expected system B *X+—X *II of OH are predicted. Other ultra-violet 
bands are briefly discussed. 


Introduction. 


Bands discovered by Schiiler and Woeldike [1], and studied later by Schiiler and 
Reinebeck [2], Schiiler, Reinebeck and Michel [3] and Benoist [4], have recently 
been shown [5] to arise from a transition B?X*+—A*X+ in OH and OD. A*d* is the 
upper state of the well-known ultra-violet system, A?X*—X?IT. The state B®X* 
correlates with O(1D,) + H (25,,,), and its potential energy-distance curve is very shal- 
low. The bands so far observed correspond to transitions to high vibrational levels of 
A2>*, 4< v0’ <9 in OH and 7< vw” < 11 in OD. 

Although further experimental work on the B—A bands is still in progress, it seems 
desirable to give a more detailed account of the analysis, partly because it can be 
carried somewhat further than was done originally [5], and partly because the results 
lead to a rather precise value for the energy of dissociation of the hydroxyl radical. 


Rotational analysis 


The bands consist of simple P and R branches: no spin-doubling has yet been 
reported. Earlier estimates of the rotational constants in the OH bands [3, 4] suffer 
from neglect of terms in the centrifugal stretching constants, D, which are important: 
the analyses of the OD bands [3] are incorrect. In what follows, the measurements 
were taken from the previous work [3, 4], and where possible mean values were 
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Table 1. Values of A, Fo (K) for OH. 


ices ie | se | aS | oi | ve | Bs | e | 0,8 Calculated 
value* 
Reference . | 3 | 3 | 3 | 4 | 4 | 4 | 4 
ane ake tS! | SAC «Oe | Le | ee ee ee eee 
K 1 31 32 31 31 sl 
2, 53 52 50 51.7 
3 72 73 78 70 71 72.2 
4 92 92 85 90 92.4 
5 110 113 112 LiZs 
6 128 132 133 136 131 131.8 
7 154 151 148 150 150 153 149 150.8 
8 171 Lt 167 170 168 169.3 
9 185 190 187 178 187.2 
10 203 182 204.5 
11 220 221.0 
12 239 236.8 
13 252 251.6 


* With B’=5.195, D’=1.4,% 10 *. 


Table 2. Values of A, Fo (K) for OD. 


Band sae | 0,7 | 0,9 | 0,10 
Pao Sie | DEE Sheet || ee |e eee Calculated 
Reference . | 3 | 3 | 3 value 
1G Al ~ 16.5 
2 28 27.4 
3 42 39 40 38.3 
4 52 51 44 49.2 
5 62 54 65 60.0 
6 70 65 70.8 
7 81 83 78 81.5 
8 90 94 92.1 
9 106 103 103 102.6 
10 113 112.9 
ll 120 123.2 
12 134 128 133.3 
13 144 143.2 
14 155 154 153.0 
15 161 167 162.7 
16 167 176 72a 
iby) 181 181.4 
18 187 190.4 


* With B’=2.74,, D’=2.,x 1074. 


derived from the two sets of measurements, after taking account of a small, apparently 
systematic, shift between them. 


The rotational constants for the lowest vibrational level of B2+ were first derived 
by taking mean values for all the available combination differences, A, F’ (K): the 
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Table 3. 
The B—A system of OH 
Bo=5.19,, Do=1.,X 10° 
4 


Table 4. The 0,9 band of OD. 


B,=4.20, D;=2 x10° 
Vv’, vo’ | Vo | BY | eRe 
0,5 23 044 12.62 2.4 10-3 
0,6 21 126 11.54 Si 
0,7 19 501 10.20 4.4 
0,8 18 227 8.4, 5 
1,5 23 701 
1,6 21 787 
The B-A system of OD 
Bo=2.74,, Do=2.,% 107" 
» - vy’ | Vo | Vea | ae 
0,7 23 014 6.68; Tez X 10-4 
0,9 20 303 5.79 Bus 
0,10 19 186 5.22, 10 


K | Robs. | Reaic. | Pobs. | Peale. 
0 20 310* 20 308.7 
1 307* 308.1 20 291.6 
2 299 301.4 20 274* 274.0 
3 287 288.6 248 250.3 
4 270 269.8 219 220.6 
5 241 245.2 187 185.2 
6 213 214.4 148 143.7 
7 180 178.0 097 096.6 
8 137 135.8 043 043.7 
9 089 088.0 19 986 19 985.4 
10 034 034.7 921 921.8 
1l 19 976* 19 975.9 852 852.8 
12 913 912.0 779 778.8 
13 843 843.3 699* 700.0 
14 769 769.4 614 616.3 
15 691 691.0 530 528.4 
16 606 608.0 439 436.0 
LY, 622 520.9 341* 339.6 
18 431 429.7 244* 239.3 


on ———————— 


* Overlapped. 
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constants By and Dy were then obtained by plotting A, F’ (K)/(K + 4) against (K + 3)? 
in the usual way. Values of the combination differences are given in Tables 1 and 2. 

The positions of the band-origins, 79, and of the lower-state constants were then 
derived using 


R(K —1) + P(K) =2 +2(B’ — B”) K? —2(D' — D") K2(K?+ 1). 


Estimates of B for OH were made from the 1,5 and 1,6 bands [4]. For the 1,5 band, 
2A B (=2(B” — B’)) was found to be 16.89,, and from the 1,6 band, 2A B = 14.63;,. 
With the values of B” given in Table 3, B; =4.18, and 4.22, respectively. We take 
the mean value, Bi = 4.20 cm-!. 

The constants obtained are given in Table 3. The extent to which they are success- 
ful in reproducing the measurements is illustrated in Table 4, where observed and 
calculated positions of lines are given for the 0,7 band of OD. 


The A*>* states 


The way in which the rotational constants, B,, and the vibrational intervals, 
AG,,1,, vary with vibrational quantum number is illustrated in Fig. 1. The fact 
that the new values of the constants fit so well with the well-established values for 
the lower vibrational levels of the A?X*+ states is strong evidence for the present 
interpretation of the bands. 

The values of the rotational constants for the A2+ states are collected in Table 5. 
It is likely that a large number of terms would be required in equations derived to 
reproduce the values of B, exactly, and no effort has been made to do this. The fit 


Fig. 1. AG, and B, plotted against v for the A2I+ states of OH (right-hand scales) and OD 
i (left-hand scales). 


@-— — - points from A?Z+—X *I] systems, 
O--—-— points from B*D+—A 2+ systems. 
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Table 5. Rotational constants for the 475* states of OH and OD. 


OH OD 
Vv 
Bobs. Beate. “ Dobs. Bobs. Dobs. 
0 16.961 16.961 2.04 x 10-8 9.036, 5.5, x 10-4 
1 16.129 16.142 2.03 8.714 5.4, 
2 15.287 15.291 2.08 8.393 5.55 
3 14.422 14.408 2.06 8.068 5.5, 
4 13.494 13.493 2.05 (7.74) 
5 12.62 12.55 ea (7.40) 
6 11.54 11.57 3.4 (7.05) 
7 10.20 10.56 4.4 6.68; Ts 
8 8.4, 9.51 5 (6.26) 
9 5.79 8.5 
10 5.225 10 


* From By, = 17.358 — 0.786,(v + $) — 0.016 (v + 4)?, which was derived to fit B, from v = 0 
tov =4. 
7 The values in parentheses are interpolated estimates. 


Table 6. Vibrational intervals and term-values for the A7X* states of OH and OD. 


OH OD OH OD 
Vv ——————- I _| » | 
AGQobs. NGoalc: AG ops AGeato. Gy Gy 
0.5] 2988.55 2 988.55 2 214.6¢ 2 214.6 0 1 566.0 1 147.6 
1.5| 2793.0,% 2 793.0 2 111.5¢ 2 110.3 1 4554.6 3 362.2 
2.5| 2593.5, 2 593.1 2 007.;° 2 007.5 2 7 347.6 5 472.4 
3.5| 2385.5 2 385.9 - 1 903.8, 3 9 440.7 7479.9 
4.5] 2 162° 2 164.0; - 1 796.8 4 12 326.6 9 383.8 
5.5| 19184 1916.0 - 1 683.8 5 14 490.6 11 180.6 
6.5| 16254 1 625.7; - 1 562.0 6 16 406.6 12 864.4 
7.5| 12744 1373.2 1 426! 1 428.8 7 18 032.3 14 426.4 
8.5 844° 834 1 280° 1 281.3 8 19 305.6 15 855.2 
9.5 279 11174 1 116.6 9| 20140 17 136.5 
10.5 932! 931.6 10} 20418 18 253.2 
11.5 723 11 19 185 
12.5 488 12 19 908 
13.5 224 13 20 396 
14 20 620 


i is es a ee __e  ___.____eee 


@ Calculated from data of Dieke and Crosswhite [6]. 

» Calculated from data of Tanaka and Koana [7]. 

© Private communication from Professor Schiiler [17). 

4 From Table 3. 

© Caleulated from data given in references [8-11]. 

£ From reference [3]. 

£ Values of AG for OD calculated from equation (2) for OH, using the isotope relations, are 
2213.9, 2111.2, 2006.9, 1429.0, 1285.4, 1117.9 and 925.8 em7?. 


R. F. BARROW, The B°X*-A*d* band-systems of OH and OD 


of the values of B, for OH derived from the B?X+—A 2X*+ bands with those from the 
A2X+-X2II system may, however, be seen from the figures in Table 5. The calcu- 
lated values of B, given here are from 


B, = 17.358 — 0.786, (v + 3) — 0.016 (v + 4)2, 


which was derived to reproduce as well as possible the values of B, from v = 0 to 

v =4. The extrapolated values for v = 5, 6 and 7 are in as good agreement with the 

observed values of B, from the B2X+—A?X*+ bands as could be expected. 
Equations which give approximate fit over the whole range of observed values are: 


OH: B,=17.384 — 0.839, (v + 4) —3.7 x 10-5(v + 4)5 
OD: B,= 9.198 — 0.322, (v +4) —4.5 x 10-8 (v + 4)5. 


Values of the vibrational intervals in A#X*+ are given in Table 6. Meinel [12] has 
already drawn attention to the difficulty of reproducing the observed vibrational in- 
tervals in the ground state of OH, and likewise the intervals in the A ?X:* states follow 
no simple relations. Equations have been calculated in two ways. First, values of 
y.w, and of z,w, were derived from the intervals in OH and OD, and thence mean 
values of these constants were derived, assuming that the isotope relations hold 
good. Values of w, and of x,.m, were then derived in the usual way. The expressions 
are: 

OH: G, = 3203.2, (v + 4) — 113.8; (v + 4)? + 4.59 (v + 4)3 — 0.48 (v + 4)4 
OD: G, = 2335.0, (v + 4) — 60.4,(v + 4)? + 1.77(v + 4)? —0.13,(v +4). 


The isotope relations are fulfilled quite accurately by the constants w, and #,w,: thus 


(@.)ou/(@-e)op = 1.871, (cale: 1.3736) 
(2%. ¢)ou/(*-W-e)op = 1.882, (calc: 1.8868). 


These expressions, however, fail to reproduce exactly the values of AG at low values 
of v. 

For the present purpose, which is to calculate the dissociation limit in the A?X+ 
states, it was decided to determine independent empirical equations to represent the 
observed intervals in OH and OD as closely as possible. We obtain 


OH: G, =3178.8,(v + $) — 92.91, (v + 4)? — 1.791, (v + 4)3 + 0.3236, (v + 4)4 — 

— 0.03585 (v + 4)§ 
OD: G, = 2322.6(v + $) — 55.4,(v + )2 + 1.0365 (v + 4)? — 0.09333(0 + 4)4— 2) 

— 6.78 x 10-4(v + 4)5. 

The equations (2) reproduce the observed values of AG, very closely (Table 6). The 
coefficients in (2) clearly do not fulfill the isotope relations, but this failure is not in 
fact significant: for the expression for G,(OD) derived from equation (2) for OH by 
division of the coefficients by the appropriate power of @ gives agreement with the 
experimental intervals which is very nearly as satisfactory as is given by the indepen- 
dent equation (2) above (see Table 6). 


The B*>* states 


It became clear at an early stage of the analysis that it is most probable that the 
lowest observed vibrational levels in the upper states have v’ = 0. For if this were not 
the case, one would expect to find stronger bands at shorter wavelengths. We may- 
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assume then that the vibrational intervals [3] of 660 cm—! in OH, and of 546 and 360 
in OD represent AG‘), and AG), and AG), respectively. The vibrational levels in the 
B*>* states probably depart very considerably from those of a simple harmonic 
oscillator: the best that we can do is to assume that they follow a three-constant 
expression 


Ce = OAv a 3) —H_eWe(V “ts ae —YeW.(V a oyu 


If we further make use of the isotope relations between the constants, we may proceed 
to derive 


OH: G, =939.9;(v + 4) — 105.0, (v + 4)? — 21.5(v + 4) 
OD: G, =684.3(v + $) — 55.6, (v + 4)? — 8.295 (v + 4). 


These equations lead to the following vibrational term-values: 


OH OD 
Go 441.0 G, 327.3 
G, 1101.0 G, 873.2 
Gy Gmax = 1357.5 Gs 1 233.3 


Gon Goer = 1 307.6 


The estimation of the equilibrium rotational constants presents some difficulty. In 
the end, a value of «, for OH was obtained by trial and error from the Pekeris relation 


a= 6/ We [(Xe We Be)* - hepa 


y was then derived from the difference between By and B, for OH, and values of « 
and y for OD were calculated using the isotope relations. We then obtain: 


OH: B,=5.54 — 0.65, (v + 4) — 0.16 (v + 4). 
OD: B,=2.91 — 0.25, (v + 4) — 0.04, (v + 4)?. 


It is difficult to assess the reliability of these estimates of B,. However, they satisfy 
approximately the isotope relations, giving r, = 1.80 A, and they fit the observed 
values of B reasonably closely, thus 


Bobs. Beale. 

OH vwv=0 5.19 5.17 
v=1 4.20 4.20 

OD v=0 2.74 2.77 


Electronic energy of the states B*S* and the dissociation energy of OH and OD 


The values of 7, for the A—X systems, as calculated with the relations of Almy 
and Horsfall [13] are 32402.3 and 32477., em~! for OH and OD respectively. Using 
the constants given by Herzberg [14] for the ground states X, and the values of Gy 
for the states A given in Table 6, we obtain », = 32683. and 32679.. em~ for OH 
and OD respectively. The values of 7’, for B?X*+ are 68369 and 68768 cm~ for OH 
and OD respectively: the corresponding values of », are 69775 and 69790 cm™. 
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Fig. 2. Potential energy curves for the A2X+ 
and B?3+ states of OH and OD. The vibra- 
tional levels are for OH. 


Considering the uncertainties in the values of Gy for the B-states, the agreement 
between the two estimates of 7’, may be regarded as satisfactory. 

We now consider the energy of dissociation. Observations on the thermal dissocia- 
tion of of water vapour [15] lead [16] to D’’ (OH) = 100.2 + 0.9 Keal, or 35054 +315 
cm. The excitation energies of O(1D) and of O(18) above O(3P) are 15868 and 
33792 cm, and since there are no other low-lying atomic states, the A2X+ states 
must correlate with O(1D) +H, and the B2X* states with O(18) + H. (The correla- 
tion of the lower state of the Schiiler bands with O(1D) and of the upper state with 
O (18) has already been pointed out by Benoist [4].) We have then the following esti- 
mates for Do (referred to the level J = 14 in *II.,, of OH), 


em 

Fromequationg (1); 42a oe oe 35 581 
From equation (2), A22D+:OH.......... 35 427 
From equation (2), A*i+: OD. ....2.2.2... 35 633 
BS ARY Ode. a ae 35 539 


All the values lie within the range 35530 +110 cm- or 101.5, + 0.3, Keal. The 
best guess is that the figure from A2X+ of OH, where the extrapolation is only 
about 280 cm, is most nearly correct. Equation (2) for this state gives a slightly 
low value for AG@s,,,, and we may estimate Dj a little above 35427 cm], say at 35450 
em, or 101.3, Keal. It seems unlikely that the error is more than 100 cm-1, and 
we conclude Do (OH) = 101.3, +0.3 Keal. 
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Potential energy relations 


Morse functions for the states A and B are illustrated in Fig. 2. It is very clear 
from the relative disposition of the two curves that transitions from B only to rather 
high vibrational levels in A are to be expected, and it is just these transitions that are 
in fact observed. Little, if any, extension of the systems to shorter wavelengths is 
to be expected.t At longer wavelengths, it is possible that the 0,9 band of OH at 
about 17360 cm-!, and the 0,12 and 0,13 bands of OD at 17545 and 17070 cm-}, 
respectively, may be observable.! 


Discussion: Ultra-violet bands 


Benoist [4] and Schiiler and Michel [17] have observed bands in the ultra-violet 
region in discharges which give simultaneously the B*X+—A*X+ system. Benoist 
measured heads at 42120, 40570 and 39300 cm-, and suggested that they are respec- 
tively the 5,1, 6,2 and 7,3 bands of the A?X+—X?II system of OH. The calculated 
positions of v) for these bands are 41746, 40270 and 38654 cm™, so that this sugges- 
tion cannot be correct. Schiiler and Michel have very recently measured bands at 
vy = 44458, 42832, 40557 and 39275 cm7!. These bands are degraded to longer wave- 
lengths, and the latter three bands have, under low resolving power, a structure 
similar to those of the B—A system. The results of rotational analyses of the three 
bands at longer wavelengths are taken by Schiiler and Michel to indicate that they 
have lower states in common with those of the B—A system. This suggestion raises 
difficulties which we may now briefly consider. 

The evidence that the visible bands represent a transition B?X*+—A 7+ in OH and 
OD has been given above. The significant points are: 

(I) The vibrational intervals in the lower states of the visible bands have approxi- 
mately the values that they must take for the dissociation limits of the A*X* states to 
agree with the well-established equilibrium value for the dissociation energy of OH. 

(II) The difference between the dissociation limits of the A and B states is very 
close to the difference in energy O(}S) —O(1D). 

(III) The rotational constants for the lower states of the visible bands fit well with 
the values extrapolated from AX". 

(IV) The isotope relations in the constants for the B states are fulfilled, as far as 
can be determined from the present data. 

(V) The intensities in the visible bands fit reasonably with the view that the transi- 
tion is from a state B to A ?X?. 

(VI) Finally the combination H (2S) + O((2p*+1S,) gives only one molecular state, 
2y+. Thus state B is identified as B*X*. 

The suggestion that the lower states of the ultra-violet bands have lower states in 
common with those of the visible bands is difficult to accept, for it would indicate 
that there are still further stable excited states of OH capable of combining with 
A2>+, and of giving rise to ultra-violet systems. Examination of the atomic states 
shows that none are expected (see also Mulliken and Christy [18], Leach [19)). 

It is, however, perhaps not impossible that the ultra-violet bands, if they do arise 


1 After this had been written, Professor Schiiler informed me (11.4. 1956) that he has now 
observed bands of OH at 25 872 and 18 054 cm: these are just in the positions expected for the 
1,4 and 1,9 bands, respectively. 
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from OH, may be interpreted as follows. Examination of the measurements of Schiler 
and Michel show rather that they may have their upper states in common with 
B2>+. If this is so, we are concerned with a transition from B2X* to a new state, a. 
Such a state would necessarily correlate with the ground state atoms, O(3P) + H. 
In addition to the ground state, 2IJ, the ground-state atoms also give *II, #2~ and 
4y- states. These states are not expected to be stable, but if the upper state of the 
ultra-violet bands is B2X*, the only likely transition to give bands with only P and R 
branches seems to be the forbidden, magnetic dipole transition [14], B*2X*t-a4d-. 

The existence of bands of a system B?X+—X II in the ultra-violet region is also 
to be expected. A rough estimate, band on a Morse potential function for the ground 
state, together with that given in Fig. 2 for B?X+, and the vibrational energies by 
Meinel [12], shows that the strongest bands of the v’ =0 progression are likely to 
have v’’> 8. Values of for the 0,8, 0,9 and 0,10 bands are about 44420, 42185 and 
40115 cm! respectively. 
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